given and received among individuals. Moreover, we use an actor-receiver model because we only assume that actors in dyads compare what is given and received from their partners, without taking into account what is given and received from the others.
The actor-reactor model requires more complex cognitive abilities (i.e., each individual must be able to trace the acts of the other individuals) and does not allow constructing a complete reciprocation sociomatrix for odd group sizes and, as a consequence, it is not possible to test for social reciprocity (Hemelrijk, 1990b) . For these reasons the present research is concerned with the more parsimonious and unrestricted actor-receiver model.
The Social Relations Model (SRM; Kenny & La Voie, 1984 ) is useful to analyze data from round robin designs since it uses dyadic relations for the study of social phenomena. Although the SRM has been commonly used in interpersonal perception studies (Kenny, 1994) , it can be also applied to analyze interaction behaviors in groups.
Additionally to the mean level, the SRM decomposes each dyadic observation of sociomatrices into the actor effect, partner effect, and relationship effect. The SRM uses a random-effects two-way analysis of variance, which allows estimating the actor variance, partner variance and relationship variance, to take statistical decisions. This model also enables social researchers to assess different kinds of social relations: dyadic and generalized reciprocity. While dyadic reciprocity refers to interdependence in dyads, generalized reciprocity measures dependencies at the individual level. The SRM quantifies dyadic and generalized reciprocity in groups by means of the productmoment correlation coefficient, therefore, this procedure is also founded on a correlational approach to measure social reciprocity. It should be noted that the SRM does not enable social researchers to measure social reciprocity at the global level and does not take into account the absolute dyadic differences to quantify social reciprocity.
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The Directional consistency index (DC; van Hooff & Wensing, 1987) has widely been used by biologists in order to quantify the directionality of behavior in social interactions (Côté, 2000; Koenig, Larney, Lu, & Borries, 2004; Pelletier & FestaBianchet, 2006; Stevens, Vervaecke, de Vries, & van Elsacker, 2005; Vervaecke, de Vries, & van Elsacker, 1999; Vogel, 2005) . The DC is obtained by dividing the number of the total interactions in the most frequent direction (H) minus the number of interactions in the less frequent direction (L) by the total of interactions performed by all individuals in the group. It should be noted that this is the same as the sum of absolute dyadic differences divided by the total number of interactions: where X' denotes the transpose of the sociomatrix X, the elements in matrix S are the average of the amount of behavior addressed and received by each individual, and the elements in matrix K represent the average of differences between the number of behaviors emitted and received by each individual in the group. This method enables researchers to describe groups at individual, dyadic and group level, assuming that global phenomena depend on dyadic interactions. It takes into account the absolute differences among agents' dyadic behaviors in order to compute a measure of reciprocity. The method also allows researchers to quantify generalized and dyadic reciprocity by means of discrepancy measures. Furthermore, a proximity matrix can be obtained and multidimensional scaling can be applied to determine underlying dimensions in groups and to represent individuals in a Euclidean space. Solanas et al. (2006) proposed quantifying overall reciprocity in groups by means of the Skew symmetry index or, if preferred, the symmetry index. The Skew symmetry index is computed as follows:
where X and K respectively denote any sociomatrix and its corresponding skewsymmetrical matrix. The symmetry index, denoted by Ψ, is equal to 1 − Φ. Note that the larger the skew symmetry is in groups, the closer the Skew symmetry value is to 0.5.
Looking at the mathematical expressions of the DC and Skew symmetry indices, it should be noted that these indices will be monotonically correlated.
Note that the DC and Skew symmetry indices have some advantages over other techniques that have been proposed for analyzing groups. Most importantly, these methods enable social reciprocity to be analyzed without any loss of information. That is, the DC and Skew symmetry statistics take into account the difference between the behavior each individual addresses to another and what he/she receives in return. In other words, there is no lost information, as occurs when the linear index of hierarchy is computed (Rapoport, 1949; Landau, 1951) . Moreover, the DC and Skew symmetry statistics can be useful in studies in which researchers are interested in analyzing absolute differences in behavior instead of calculating any association coefficient for measuring social reciprocity, as occurs when other procedures are used (Hemelrijk, 1990a (Hemelrijk, , 1990b Kenny, 1994) .
Researchers can study patterns of reciprocity in groups using the DC or Skew symmetry statistics as we have showed above. After describing the group by means of these statistical indices, researchers may be interested in making statistical decisions regarding the null hypothesis. In this case, the null hypothesis often corresponds to complete reciprocation among individuals. For this reason, we propose an overall statistical technique for testing symmetry in any group, although the procedure can be used to test other null hypotheses. Thus, researchers will be able to take decisions about whether the group under analysis presents a statistically significant unidirectional or skew-symmetrical pattern.
In the present paper we pursue several aims. Firstly, we present statistical tests for testing null hypotheses regarding reciprocity in social interactions. Thus, social researchers will be able to associate statistical significance to the DC and Skew symmetry values obtained in their studies. Secondly, we are interested in comparing two statistics by means of a simulation study. We estimate several sampling distributions for the DC and Skew symmetry statistics, and a power analysis is carried out to allow social researchers to make an optimal choice of statistic depending on the observational conditions. The statistical tests and the simulation study are carried out by using a Monte Carlo method.
A procedure for testing social reciprocity
We propose a Monte Carlo sampling procedure to test statistical hypotheses concerning social reciprocity since this method has been recommended for use in studies when the exact distributions are unknown (Noreen, 1989; Peres-Neto & Olden, 2001) . Given that the sampling distributions of the DC and Skew symmetry statistics are currently unknown, a Monte Carlo test can be used to approximately estimate them.
We highlight that this statistical method enables social researchers to obtain statistical significance for any sociomatrix, independently of the number of individuals and the amount of behavior for each dyad. It will be only needed to specify the parameter values to be tested, the number of individuals in the group and the amount of behaviors for each dyad.
We denote the number of times that the behavior of interest is registered between individuals i and j by N ij . X ij represents the number of times the individual i addresses behavior to j. We assume that the probability of the event "i addresses behavior to j" (p ij ) is a constant value for every trial during the observation period. Note that this assumption is needed if repeated interactions among individuals is gathered and aggregated in a unique sociomatrix (Adams, 2005; Boyd & Silk, 1983; Tufto, Solberg, & Ringsby, 1998) , as it is made in round robin designs. In addition, we also assume that the outcomes of successive encounters are independent during the observation period (Appleby, 1983; Boyd & Silk, 1983) . This assumption, for example, is also made in the SRM (Warner et al., 1979) since interaction behaviors between the individuals of each pair are counted or aggregated, which means that this dependency cannot be estimated from data at hand. Furthermore, the SRM does not include a term in which dependency between successive interactions is taken into account and, unfortunately, no general strategy is known for controlling these kinds of order effects (Kenny, Kashy, & Cook, 2006, pp. 217) . As a consequence of this second assumption, the number of times that i addresses behavior to j, X ij , is binomially distributed with parameters N ij and p ij . This probabilistic approach has previously been used to model social interactions (Tufto et al., 1998) . Note that if p ij = p ji for all dyads, all relationships are reciprocal. Thus, E(X ij ) = E(X ji ) and the DC and Skew symmetry statistics computed in samples are expected to be close to 0. Otherwise, the value of the DC statistic will be near 1 and the Skew symmetry statistic will be close to 0.5, as a function of the lack of reciprocity among the dyads. Finally, we also assume that there are no dependency effects between dyads, an assumption also made in the SRM (Kenny et al., 2006, pp. 216; Warner et al., 1979) .
We propose to use Monte Carlo sampling to generate a specified number of simulated sociomatrices. The p ij parameter values should be established according to the particular null hypothesis to be tested. Additionally, the exact N ij value for each dyad needs to be specified and the number of individuals in the group, n, has to be established. Given the values for p ij , N ij and n, sampling distributions for the DC and Skew symmetry statistics can be estimated by Monte Carlo sampling. Therefore, the values of the two statistics obtained from the original sociomatrix can be located at their corresponding sampling distributions and thus obtaining statistical significance.
An asymptotical test could have been proposed to test the complete reciprocation hypothesis, the above mentioned assumptions being also required. According to the reproductive or additive property of the χ 2 distribution, the following statistic is χ 2 distributed with n(n−1)/2 degrees of freedom:
The main problem of using this statistical test is that the statistic does not follow a χ 2 distribution if p ij values clearly differ from 0.5 and the number of observations is not large enough. A more general solution is to take into account the additive property of the binomial distribution. This property states that if X 1 , X 2, …, X q are binomially distributed with parameters n 1 , n 2 , …, n q and p, the random variable Y = X 1 + X 2 + …+ X q follows a binomial distribution with parameters n 1 + n 2 + … +n q and p. The main drawback of the latest procedure is that the parameter p has to be equal for all dyads.
The procedure described in this paper is intended to allow social researchers to test any null hypothesis, as, for instance, p 12 = 0.7, p 13 = 0.5 and p 23 = 0.6.
With respect to the application of other computer-intensive methods, bootstrapping would allow estimating sampling distributions (Noreen, 1989; Manly, 1991 
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Note that the null hypothesis of complete reciprocation states that probabilities of occurrence of behavior are the same for all individuals, for instance, an equal proportion of wins during play interactions (Bauer & Smuts, 2007) . However, other null hypotheses can be tested, as it has been mentioned above.
The simulation steps in Monte Carlo sampling are as follows: a) Group size is defined according to the size of the original matrix; b) a random number a is generated from a binomial distribution with parameters N ij and p ij ; c) the random number is assigned to the element on the upper triangular matrix (x ij ) and the value on the lower triangular matrix is obtained by the formula x ji = N ij -x ij ; d) if the element belongs to the principal diagonal, a 0 value is assigned; e) steps b) to c) are repeated for each element in the matrix; f) once the simulated sociomatrix has been generated, the programs compute both the DC and Skew symmetry statistics associated to this simulated sociomatrix; g) steps b) to f) are repeated according to the number of iterations that had been previously specified. Statistical significance is computed as (NOS + 1)/(rep + 1), where rep equals the number of the generated sociomatrices and NOS is the number of significant cases.
The number of significant cases for both statistics is obtained as the number of simulated statistics that is greater than or equal to the original statistic. This is a valid statistical test as it ensures that the original statistic is among the set of simulated statistics, thus, statistical significance can never be smaller than 1/rep (Noreen, 1989; Onghena & May, 1995) . Finally the programs provide some summary statistics related to the simulated sociomatrices, such as mean, standard deviation and several percentiles.
The following sociomatrix shows grooming interactions in a group of six captive spider monkeys (Ateles belzebuth hybridus): Table 1 shows a brief description of the group. Data contained in the sociomatrix were collected from January to April of 2006 at Barcelona Zoo as a part of a wider study. In short, behavior frequencies were collected and, in order to obtain a quantification of social reciprocity, individuals were considered as actors and receivers.
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Simulation study
The amount of behavior per dyad was established as constant for each dyad in the simulation (i.e., N = N ij = N ji ). This constraint allowed us to control an important factor in the simulation and, therefore, to study the effect of increasing the number of individuals in group on Type II error rates for the DC and Skew symmetry statistics.
Note that the quantity of possible sociomatrices is infinite and we were unable to study all possibilities. Additionally, we were also interested in making a comparison between the two statistics in order to know which is less biased under the null hypothesis of complete reciprocation, which states that dyadic relations are reciprocal among all individuals (p ij = 0.5). We focused on studying the null hypothesis of complete reciprocation since it seems the most significant test for social researchers, though, as we have mentioned above, the proposed statistical procedure enables them to test other null hypotheses.
Method
In total, we studied 300 experimental conditions as a result of varying three factors:
group size (n), amount of behavior for each dyad (N) and the probability associated with the event "individual i addresses behavior to individual j" (p ij ). Specifically, twelve values were established for group size (n = 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 and 30) , five values for the total amount of behavior in each dyad (N = 5, 10, 20, 30 and 60) and five values for reciprocity levels (p ij = 0.5, 0.6, 0.7, 0.8 and 0.9).
This intensive computer simulation experiment allowed us to estimate sampling distributions for the DC and Skew symmetry statistics. We established the following statistical significance levels for studying empirical Type II error rates: 0.05 and 0.01.
Thus, we investigated the power of the statistical test under the null hypothesis of complete reciprocation. In order to estimate statistical power (1-β), we obtained the DC and Φ cut-off points for specific α, n, N and p ij = 0.5. We compared these cut-off points with the values of the two statistics obtained in sociomatrices randomly drawn from populations in which p ij = 0.6, 0.7, 0.8 and 0.9, keeping the values of α, n and N constant. Statistical power was estimated as the proportion of values as large as or larger than the DC and Φ cut-off points under the null hypothesis and for specific α. That is to say, Type II error rates (β) were estimated as the proportion of simulated values lower than the cut-off points. Once we had estimated statistical power for the DC and Skew symmetry statistical tests, we were able to compare the two statistical tests in order to choose the most optimal one. In addition, some of the simulated data were used to compare the two statistics regarding their bias.
A FORTRAN 90 program was developed to carry out the simulations, using the
Salford FTN90 v2.19.1 compiler for Windows. The NAG Release 3 libraries for
Windows was used to generate sociomatrices under different conditions, specifically the nag_rand_discrete and nag_rand_contin modules. The simulation steps were as follows: a) n, N and p ij were specified; b) the nag_rand_discrete module was used to generate a random number vector and each variable followed a binomial distribution with parameters N and p ij ; c) the third step assigned each value of the random number vector to one location in the sociomatrix. The value was assigned to x ij if the random number generated by the nag_rand_uniform module was greater than 0.5 or x ji if it was less than or equal to 0.5; d) the steps from b) to c) were iterated 100,000 times; e) the DC and Skew symmetry statistics were calculated for each sociomatrix and their empirical distributions were estimated; f) the steps from a) to e) were iterated for each experimental condition.
Results
Regarding sampling distributions under the null hypothesis, Table 3 shows the averages for the DC and Skew symmetry statistics and their variances for all experimental conditions. The mean value of both statistics depends on the number of individuals, while their variances decrease as a function of the amount of behavior in dyads and group sizes. Table 3 also shows the estimated Mean Square Error (MSE).
Given that both indices are biased and their variances are not equal, the MSE criterion is needed to make comparisons to choose the most appropriate estimator. The formulas to compute the MSE are as follows:
MSE DC E DC VAR DC MSE E VAR
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In order to make suitable comparisons, the variance of the Skew symmetry statistic was multiplied by 4 and its mathematical expectancy was multiplied by 2. It should be statistic in all experimental conditions, suggesting that the former should be used as a better estimate of social reciprocity. In addition, as noted above, both statistics must be monotonically correlated. In the 60 experimental conditions studied under the null hypothesis, we found Spearman's Coefficients to be greater than 0.9 (Table 3 ) and all were statistically significant (p < 0.0001).
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Discussion
In the present study we have focused on two overall indices, the DC index for quantifying directionality (van Hooff & Wensing, 1987) and the recently proposed Skew symmetry index for describing asymmetrical social systems (Solanas et al., 2006) .
These two indices are measures of social reciprocity at group level. However, most researchers require a procedure for not only describing social systems as a whole but also for allowing researchers to make statistical decisions.
We propose a statistical method founded on Monte Carlo sampling to test null hypotheses. Although most social researchers will be interested in testing the null hypothesis that assumes complete reciprocation, the proposed procedure also enables them to test other null hypotheses (for instance, p 12 = 0.7, p 13 = 0.8 and p 23 = 0.5).
Hence, one advantage of this procedure is its flexibility and adaptability regarding the different number of null hypotheses that can be tested and with respect to the observed number of behaviors in empirical studies. Regarding the latter point, it is improbable that the same number of encounters occurs for all dyads in a group in natural settings (de Vries, 1998) . Given that most social research is carried out in natural settings, a statistical method for testing social reciprocity in a wider set of conditions is needed.
Specifically, the amount of behavior per dyad should not be restricted to an equal amount for each dyad. The proposed statistical procedure does not involve any constraint regarding the number of behaviors per dyad.
The proposed procedure requires three assumptions to be met to make statistical decisions and it is its main drawback. In fact, these assumptions have been commonly supposed when developing indices and statistical test for respectively quantifying and making decisions regarding social relations (Appleby, 1983; Boyd & Silk, 1983; Landau, 1951; Hemelrijk, 1990a; Kenny et al., 2006; Rapoport, 1951; de Vries, 1995; Warner et al., 1979) . Specifically, we have assumed that p ij values are constant for every trial during the observation period, outcomes of successive interactions are independent and dyad behaviors are not influenced by extradyadic effects. The first assumption suggests that social researchers should apply the proposed procedure if data were gathered for periods of time as short as possible. The validity of this assumption could become unrealistic if sociomatrix data were obtained for long periods of time, although it has been often assumed in social interaction analysis (Adams, 2005; Boyd & Silk, 1983; Tufto et al., 1998) . The second and third assumptions cannot be suitably assumed in most social research, but it is not possible to estimate dependency effects if available data correspond to aggregated sociomatrices. Many social studies analyze aggregated data since a large number of observation periods is needed to gather a significant amount of behavior for all dyads. As long as data are aggregated in a unique sociomatrix, dependency between successive interactions and pair of dyads cannot be estimated. Unfortunately, both assumptions may not be often met in many social studies. Regarding the assumption of independence between successive interactions, the inexistence of a general strategy for controlling this sort of order effects in round robin designs has been pointed out in a recent work (Kenny et al., 2006, pp. 217) . In relation to the assumption of independence between pairs of dyads, it has also been stated that this assumption is needed in the SRM (Warner et al., 1979) . These three constraints mean that the proposed procedure should be used in those natural or experimental settings in which the three assumptions could be supposed to approximately represent empirical phenomena. In any case, future research should be carried out to develop techniques for dealing with dependency between successive interactions results and between pair of dyads.
Regarding the comparison between the DC and Skew symmetry statistics, the results of the simulations show that the statistical tests are powerful enough for the studied conditions. For instance, the power of the tests is approximately 0.8 for n = 6, N = 10 and p ij = 0.7. This means that both tests are sensitive to moderate discrepancies from overall reciprocity, as p ij = 0.7 represents groups that are relatively close to reciprocation or, if preferred, close to an egalitarian social interaction pattern.
Furthermore, it should be noted that six individuals and ten trials per dyad are not extremely large conditions in social studies. A transformation of the Skew symmetry statistical test shows better results than the DC test if MSE is considered. Thus, it seems that this transformation of the Skew symmetry statistic is the best choice in order to obtain more accurate estimates of social reciprocity if complete reciprocation is assumed. Even more, the Skew symmetry statistic allows researchers to obtain quantifications of individual and dyadic effects that could be of interest for social researchers in order to study social reciprocity at its different levels (see Solanas et al., 2006) .
In our simulation study we have studied the DC and the Skew statistics for a set of particular conditions. Regarding the amount of behavior per dyad, we established a constant number of encounters due to the fact that the amount of possible sociomatrices is infinite. Thus, establishing an equal number of N ij for each dyad in sociomatrices allowed us to study Type II error rates in a systematic manner and to know how this kind of statistical error decreases as the number of individuals in a group increases for the DC and Skew symmetry statistics.
To sum up, this paper presents a statistical procedure to test null hypotheses concerning the global social reciprocity for a set of individuals in a group. Therefore, our work enables social researchers to make statistical decisions about directionality and skew symmetry in groups. The results of the simulation study enable researchers to make decisions about the optimal observational conditions for the null hypothesis that assumes complete reciprocation since empirical Type II error rates for both statistical tests have been estimated. Finally, we highlight that this statistical method can be applied in natural settings in which the number of behaviors is not the same for every dyad. Table 3 Results of the simulation study for the DC and Skew symmetry statistics under the null hypothesis. List of figure captions 
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